Over the past decade, studies of Neisseria gonorrhoeae have shown that in media containing glucose, lactate stimulates metabolism, and this could affect pathogenicity (7, 19) . Recently, the probable mechanism of this stimulation has been identified as one that could apply to other pathogens (68). Earlier studies implicated lactate metabolism in the serum resistance of Haemophilus influenzae (30), and during the past year, the use of signature-tagged mutagenesis and an infant rat model identified a putative (i.e., homologous with the gene in Escherichia coli) lactate permease-deficient mutant of Neisseria meningitidis with diminished virulence (62; C. M. Tang, personal communication). There may be a common role for lactate in the pathogenicity of these and other pathogens. Lactate and glucose are present together in most sites where infection occurs in vivo. This review summarizes the present position on gonococci and its implications regarding other pathogens. Throughout, the phrase "stimulation of metabolism by lactate" refers to this event occurring in a medium containing glucose.
Over the past decade, studies of Neisseria gonorrhoeae have shown that in media containing glucose, lactate stimulates metabolism, and this could affect pathogenicity (7, 19) . Recently, the probable mechanism of this stimulation has been identified as one that could apply to other pathogens (68) . Earlier studies implicated lactate metabolism in the serum resistance of Haemophilus influenzae (30) , and during the past year, the use of signature-tagged mutagenesis and an infant rat model identified a putative (i.e., homologous with the gene in Escherichia coli) lactate permease-deficient mutant of Neisseria meningitidis with diminished virulence (62; C. M. Tang, personal communication). There may be a common role for lactate in the pathogenicity of these and other pathogens. Lactate and glucose are present together in most sites where infection occurs in vivo. This review summarizes the present position on gonococci and its implications regarding other pathogens. Throughout, the phrase "stimulation of metabolism by lactate" refers to this event occurring in a medium containing glucose.
ENERGY SOURCES OF GONOCOCCI
The nutritional requirements for growth of gonococci include amino acids, purines, pyrimidines, vitamins, and an energy source (8) . The last is restricted; only glucose, pyruvate, and lactate are used efficiently (39) . The mechanism for lactate stimulation of gonococcal metabolism depends on interaction between it and glucose. The literature records information on the metabolism of one or the other alone but not in combination; it is summarized below.
Glucose is metabolized at pH 7.2 and 8.0 primarily (ca. 80%) via the Entner-Doudoroff pathway, with some contribution (ca. 20%) from the pentose phosphate pathway (40) . At a pH above 7, most of the pyruvate and acetyl coenzyme A (CoA) generated from glucose accumulates as acetate, with only small amounts being oxidized by the tricarboxylic acid (TCA) cycle (40) . However, at pH 6, the contribution of the pentose pathway increases to about 50% and more acetyl-CoA is metabolized via the TCA cycle (40) .
Lactate provides energy for growth by being a substrate for electron transport when it is oxidized to pyruvate (3, 4) . Gonococci contain at least three lactic dehydrogenase (LDH) enzymes. The most important are two electron transport-linked LDHs that are associated with the cytoplasmic membrane and independent of NAD ϩ (13, 67) . Isoenzyme LDH-I utilizes lactate exclusively as its substrate and with a preference for the D-isomer, while isoenzyme LDH-II has broad substrate specificity (lactate, phenyl-lactate, and 4-hydroxy-phenyl-lactate), but it is steriospecific for L-isomers. The third LDH is a cytoplasmic, soluble NAD ϩ -dependent LDH (25) . Pyruvate produced from lactate is catabolized by the TCA cycle (24) .
STIMULATION OF METABOLISM BY LACTATE
Evidence for the stimulation of metabolism by lactate comes from several sources.
Interaction of gonococci with neutrophils. Cohen and his colleagues showed that when gonococci were phagocytosed by neutrophils, their metabolic activity increased: oxygen consumption was raised two-to threefold (7). The stimulating activity was shown by cell-free supernatants from neutrophils, and lactate was demonstrated in these supernatants (7) . When gonococci grown in vitro were suspended in Hank's balanced salt solution (HBSS) which contains glucose, lactate, at levels present in the neutrophil supernatants, increased oxygen consumption twofold (7) .
Stimulation of gonococci emerging from lag phase. Stimulation of gonococci emerging from lag phase was first indicated by the discovery that lactate stimulated sialylation of gonococcal lipopolysaccharide (LPS) by host-derived cytidine 5Ј-monophospho-N-acetyl neuraminic acid (CMP-NANA). This sialylation is catalyzed by a gonococcal sialyltransferase and renders gonococci resistant to complement-mediated killing by fresh human serum and affects other important facets of pathogenicity (20, 60) . The sialylation of LPS by CMP-NANA was increased by a second host-derived factor, which was identified as lactate (45, 46) . Lactate alone does not induce serum resistance, and pretreatment experiments showed that it acts separately from CMP-NANA (47) .
Lactate produces a 20 to 90% increase in sialylation by CMP-NANA. The enhancement phenomenon is evident only in organisms emerging from lag phase. It was seen when stationary-phase gonococci were incubated in shaken cultures with minute amounts of lactate (1 to 50 M) for 1 to 1.5 h at 37°C in a defined medium containing vitamins, amino acids, and 28 mM glucose (19, 45, 47) . Total counts in both control and lactate-treated cultures did not change, but the A 650 values increased, indicating emergence from lag phase. Assays for 2-keto-3-deoxyoctonate showed that the LPS content of the lactate-treated gonococci was 10 to 20% higher than that for control organisms (19) . Thus, an increased quantity of the sialyl receptor is one factor contributing to enhancement of sialylation and another is increased sialyltransferase activity (18) .
The increase in LPS content indicated a general stimulation of metabolism during emergence from lag phase. This was confirmed by the 30 to 60% higher pentose and 10 to 20% higher protein contents of lactate-treated gonococci. Also, lactate produced other changes. Unlike control organisms, lactate-treated gonococci did not have hair-like, possibly stressrelated, appendages on their surfaces, and for unknown reasons, their solutions in 1 M NaOH were more viscous (19) .
Lactate enhancement of LPS sialylation had revealed a general stimulation of metabolism. What would occur under conditions more akin to those existing during infection? Shortterm incubation of gonococci in the defined medium was repeated with glucose concentrations reduced (5 mM) and lactate concentrations increased (1 and 10 mM) to those found in sites relevant to infection in vivo (Table 1) . Under these conditions, the gonococci divided up to two times during the 1-to 1.5-h incubation and the A 650 values increased, more so for the lactate-treated gonococci (19) . As for the enhancement conditions, LPS, protein, and pentose contents were higher (10 to 20%) for the lactate-treated organisms (19) . The possibility that lactate was correcting oxygen stress in the shaken cultures was ruled out by showing that lactate enhanced LPS production, protein synthesis, and the viscosity of NaOH solutions for gonococci in stationary as well as shaken cultures (N. Woodcock and H. Smith, unpublished data).
Increased growth rate. In the defined medium containing 2 mM lactate, logarithmic growth of gonococci was much slower than with 1 mM glucose, although the rate of lactate consumption was greater (53) . When lactate was added to the glucosecontaining medium, the growth rate was about 20% greater than for glucose alone, and again, lactate was used far more rapidly than glucose (53) . This concomitant and more-rapid use of lactate in a mixture with glucose also occurred when gonococci were grown in fluid harvested from infected subcutaneous plastic chambers in guinea pigs (21) . In these chambers, gonococci interact with neutrophils of the inflammatory response which glycolyze glucose to lactate (21) . Gonococci that had been subjected to oxidative stress in vitro in order to mimic conditions within neutrophils used lactate more rapidly than glucose (17) .
Pyruvate had the same stimulating effect as lactate on the growth rate of gonococci in the defined medium containing glucose (53) . Also, within human endocervical epithelial cells, intracellular gonococci bind host pyruvate kinase via their Opa proteins and require host pyruvate for growth (66) .
MECHANISM OF METABOLIC STIMULATION
Three series of experiments revealed the probable mechanism for lactate stimulation of metabolism. In all three, gonococci were grown in the synthetic medium with either glucose alone or together with lactate at concentrations (5 and 1 mM, respectively) akin to those occurring in vivo ( Table 1) .
Uptake of metabolites. Cohen and colleagues (7) suggested that, as for E. coli and Staphylococcus aureus (38, 57) , stimulation of gonococcal metabolism might be due to increased uptake of essential metabolites effected by a membrane-located LDH linked to the electron transport chain. They showed that adding serum to a suspension of gonococci in HBSS increased [ 14 C]adenine uptake and oxygen consumption three-to fourfold (6, 7, 10) . Dialysis of serum eliminated both effects (6, 10) . Lactate partially restored the stimulation of oxygen consumption, but its effect on the reduced [ 14 C]adenine incorporation was not reported (6, 7, 10) .
In our experiments (18) , although uptake of [ 14 C]adenine was increased by about 40% for lactate-treated gonococci compared to that for control organisms, uptake of [
14 C]glucose and [ 14 C]proline was unaffected. Hence, there was no evidence for a general stimulation of nutrient transport.
14 C-labelling experiments. Gonococci grown for 1.5 h in the medium containing glucose and lactate with added [
14 C]lactate were examined by tricene sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (68) . The most heavily radiolabelled bands were LPS components and a low-M r component that migrated with a lipid marker. The majority of proteins stained by silver were not significantly labelled. Three of five proteins that carried label were identified by N-terminal sequencing as GroEL, porin 1B, and a peroxiredoxin protein.
There was no evidence of their being produced in quantities greater than those of the other proteins.
Next, gonococci were grown with glucose alone and with added lactate but [
14 C]glucose was included (68) . Again, by SDS-PAGE, the low-M r component that migrated with a lipid marker and LPS were heavily radiolabelled. Many of the silverstained protein components were radiolabelled, but no differences in them and gonococci grown with glucose alone and with lactate could be detected. This was the same for the silver-stained protein bands.
Thin-layer chromatography of homogenates of gonococci grown with glucose and lactate with added [
14 C]lactate confirmed that lactate carbon was incorporated into membrane lipids and showed, by saponification with NaOH, that it was present in their fatty acids (68) . Then, the radiolabelling of the five proteins by [ 14 C]lactate was shown to be due to the fatty acids in attached lipid; the areas of the dried, fluorographed, SDS-PAGE gels that contained the protein bands were excised, saponified, and extracted with chloroform for scintillation counting. The gel area containing the LPS bands was also treated in this manner with similar results.
There were two main conclusions. First, lactate carbon was preferentially incorporated into the fatty acids of membrane lipids and LPS. Second, there was no evidence for the specific induction of additional proteins by lactate in the presence of glucose. These results agreed with the findings of previous pulse-chase experiments using [ 35 S]methionine (47) . Proteomics might reveal lactate-induced proteins, but they are unlikely to be major constitutents of N. gonorrhoeae.
13 C labelling and NMR spectroscopy. The fate of lactate and glucose carbon in gonococcal lipids was examined further by 13 C labelling and nuclear magnetic resonance (NMR) spectroscopy (68) . These lipids are about 70% phosphatidyl ethanolamines and 20% phosphatidyl glycerols, with small amounts of other phosphatides: the fatty acids are lauric acid (C 12:0 ), myristic acid (C 14:0 ), a C 14:1 fatty acid, palmitic acid (C 16:0 ), palmitoleic acid (C 16:1 ), and cis-vaccenic acid (C 18:1 ) (51). The 13 C-NMR signals from such lipids are listed in the first two columns of Table 2 .
Gonococci were grown for 4.5 to 6 h in the defined medium containing [
13 C]glucose (sample A), [ 13 C]lactate and unlabelled glucose (sample B), or [ 13 C]glucose and unlabelled lactate (sample C). The results of NMR spectroscopy on lipids extracted from gonococci in the three cultures (samples A, B, and C) are summarized in Table 2 . The spectrum of sample A showed fatty acid, glycerol, and ethanolamine signals, indicating that, in the absence of lactate, 13 C from glucose is incorporated into all lipid components. In contrast, the spectrum of sample B showed only fatty acid signals, indicating that, in the presence of glucose, 13 C from lactate does not go into ethanolamine/glycerol components. The main features of the spectrum of sample C were similar to those of sample A, showing that, even in the presence of lactate, 13 C from glucose is incorporated into all lipid components. However, there were differences between the two spectra. The spectrum of sample C showed additional small signals at chemical shifts 16, 40 , and 124 ppm (see Fig. 5 of reference 68), indicating formation of one or more fatty acids different from those present in sample A. Furthermore, the ratio of the integrated areas of all 13 C signals (fatty acid, ethanolamine, and glycerol) to the mass of lipid examined was significantly greater in sample C than in sample A (68) . Hence, lactate apparently increases lipid synthesis from glucose, another surprising manifestation of its stimulatory role. With lactate carbon also going into fatty acid moieties, a lower incorporation of glucose carbon might have been expected. The cardinal conclusion from the 13 C-NMR spectroscopy is that, in the presence of glucose, lactate carbon is not incorporated into the ethanolamine and glycerol moieties of lipids. Recently, this conclusion has been reinforced by NMR spectroscopy of LPS, purified from the three cultures described above, which showed that, in the presence of glucose, lactate carbon is not incorporated into its sugar moieties (E. A. Yates and H. Smith, unpublished data).
Mechanism. Figure 1 is a simplified diagram of lactate metabolism in bacteria. Early biochemical studies (see above) showed that gonococci possessed some of the relevant enzymes, such as LDHs and those of the TCA cycle. Also, a search of the N. gonorrhoeae Genome Database at the University of Oklahoma showed the presence of the genes for all the glycolysis/gluconeogenesis pathway and the TCA cycle enzymes.
As mentioned above, when gonococci are cultured in a defined medium with lactate alone, growth is slow despite rapid use of lactate (53) . This is because lactate must fulfill two functions. First, there is gluconeogenesis to produce the sugar, glycerol, and ethanolamine moieties of gonococcal constituents. The second is formation of acetyl-CoA, the precursor of fatty acid synthesis and constituents and products of the TCA cycle. Energy is generated via NADH production from the initial oxidation to pyruvate and acetyl-CoA and from the TCA cycle (Fig. 1) . The slow growth is probably due to the time needed for production of a wide range of biosynthetic precursors and products, including those generated by gluconeogenesis.
When lactate is present with glucose, NMR spectroscopy shows that gluconeogenesis from lactate does not take place because its carbon is not found in the ethanolamine and glycerol moieties of lipids or in the sugar groups of LPS. The lactate is used solely as a source of acetyl-CoA and energy. Indeed, much of its carbon is found in fatty acids which come from acetyl-CoA. By the NADH derived from its initial oxidation to pyruvate and acetyl-CoA and from the TCA cycle (24), lactate will produce more energy than is obtained from glucose alone. The latter is metabolized largely from the Entner-Doudoroff pathway, (40) which generates relatively small amounts of energy. The provision of a ready source of NADH, and hence ATP by the rapid route to acetyl-CoA, is the probable reason for the stimulation of gonococcal metabolism and oxygen uptake when lactate is added to media containing glucose. This view is supported by the fact that pyruvate also increases growth rate in the presence of glucose (53) .
This mechanism, i.e., rapid production of NADH leading to energy generation, could operate when amounts of lactate are minute and a small gonococcal inoculum is emerging from lag phase, as in the conditions for demonstrating the enhancement of LPS sialylation described above. The activity of minute amounts of lactate raises the possibility of a signalling role, but the fact that pyruvate is as active as lactate under these conditions (45) supports the metabolic mechanism described above. Metabolic roles for small amounts of lactate are known in other circumstances, e.g., the glycolytic pathway in E. coli. A phosphoenol pyruvate synthetase-negative mutant (ppsЈ) of E. coli grows in acetate, but the addition of less than 30 M lactate stops growth, possibly due to pyruvate back up (14, 22, 34) . The stimulating effect of metabolites during the lag phase is well-known (37). These metabolites might be made by the bacteria, but their rate of synthesis is too low to meet the requirements for initiating growth. ␣-Ketoglutaric acid and glutamate affect E. coli in this way (37) . They may also provide rapidly essential intermediates which otherwise would be made slowly (37); thus, lactate could form acetyl-CoA and NADH quickly for gonococci.
POTENTIAL IMPACT ON PATHOGENICITY
The first point is that lactate stimulation of gonococcal metabolism depends on the presence of both lactate and glucose, which occurs in genital secretions, inflammatory exudates, and blood ( Table 1) . The second point is that lactate stimulation of metabolism could be important in the vital primary lodgement stage of infection (58) . Here, relatively few invading organisms must compete with any commensals on mucous surfaces and multiply in the face of formidable host defenses present in the tissues and those mobilized by inflammation. Modest increases (10 to 20%) in virulence determinant production and growth rate could tip the scales in favor of the pathogen. The demonstration that in vitro, lactate stimulates LPS production and protein synthesis by gonococci as they emerge from lag phase and begin to multiply is very pertinent to this stage.
In transmission of gonorrhea, the majority of the gonococci from an infected host will have LPS that had been sialylated in that host; but some may contain unsialylated LPS (60) . When gonococci divide in the new host, those with unsialylated LPS will be produced but this LPS will be available for sialylation by CMP-NANA present in the tissues. Hence, lactate stimulation of metabolism at this early stage will increase both unsialylated and sialylated LPS. The unsialylated LPS could contribute to gonococcal invasion of urethral epithelial cells because it is a ligand for human asialoglycoprotein on the surface of these cells, and in vitro, the linkage promotes cell entry (41) . The sialylated LPS could play a dual role. Sialylation prevents binding LPS to asialoglycoprotein, and in vitro, it interfers with Opa protein-mediated entry to epithelial cells (20, 41, 60) . Hence, in vivo, it could inhibit initial invasion. On the other hand, sialylation of LPS inhibits complement-mediated killing of gonococci by human serum, ingestion and killing by neutrophils, and the antibody response (20, 60) ; it could therefore promote infection in the early stages. Infection experiments with human volunteers indicate that this dual role operates in vivo (60) .
The general increase in protein synthesis promoted by lactate should result in greater quantities of protein virulence determinants, some of which could be involved in the early stages of infection. Examples are type IV pili, gonococcal adhesins (41); Opa proteins, which promote entry to epithelial cells (41) ; the sialyltransferase needed for LPS sialylation (60); and porin 1B, which inserts into the membranes of neutrophils and inhibits their action (5) . Specific evidence that lactate does increase production of these virulence determinants is available for sialyltransferase (18) . The more-rapid growth rate promoted by lactate in media containing glucose could also be beneficial in the primary lodgement period by providing additional replacements for gonococci removed or killed by the host defenses (58) . The increased oxygen consumption caused by lactate might impair the oxygen-dependent killing mechanism of neutrophils (7), but LDH-deficient mutants survived in phagocytes as well as the wild type did (S. Edupugante, R. D. Chruckshank, S. Buragena, M. S. Cohen, and M. M. Hobbs, Abstr. 12th Int. Pathog. Neisseria Conf., abstr. no. 067, 2000) .
Larger quantities of LPS and protein virulence determinants would also increase inflammation, the main harmful effect of gonorrhea. LPS is a potent stimulant of inflammatory cytokines (50) . Both induction of cytokines and the toxicity of LPS depend on a full complement of fatty acids in lipid A and on their structures (54; C. D. Ellis, C. M. A. Kahn, B. Lindner, U. Zahringer, and R. Demarco de Hormaeche, Abstr. 12th Int. Pathog. Neisseria Conf., abstr. 023, 2000). As mentioned above, NMR spectroscopy of lipids indicated that lactate caused the production of small quantities of different fatty acids from glucose. If this occurred for the lipid A of LPS, it may affect cytokine production. Turning to protein virulence determinants, GroEL is produced by gonococci and can cause inflammation because it is a powerful inducer of cytokines (9, 42) .
The evidence above strongly suggests that the lactate effect is relevant to gonococcal pathogenicity, but this has not been proven by showing that a mutant unable to use lactate is attenuated in a relevant animal model. Unfortunately, suitable mutants have not emerged. LDH-deficient mutants appear potentially useful but gonococci make at least three LDHs, and this has prevented the isolation of mutants that are completely unable to use lactate (13) . However, a suitable mutant may become available in the future. Recently, a putative lactate permease-deficient meningococcal mutant showing markedly attenuated virulence in an infant rat model has been isolated (62; M. Tang, personal communication). The genome of N. gonorrhoeae contains a gene identical to that of meningococci, and it may be possible to transfer the meningococcal mutation to gonococci. If this is achieved, virulence comparisons with the wild type could proceed in oestradiol-treated mice (28) , and ultimately, human volunteers.
WIDER IMPLICATIONS
Lactate stimulation of gonococcal metabolism and the mechanism concerned may have wider implications because in vivo, both lactate and glucose are present at sites which carry or are attacked by different pathogens, and many of the latter have the enzymes required for the processes depicted in Fig. 1 .
Blood plasma and body fluids of the alimentary and urogenital tracts, the central nervous system, and other tissues contain both lactate and glucose and also pyruvate, which for gonococci has the same effect as lactate (Table 1 ). In the fluids of the alimentary tract, the concentrations are lower than elsewhere but there is enough present to influence small numbers of invading pathogens at the beginning of infection. With regard to respiratory infection, a literature survey to see if lactate, glucose, and pyruvate are present in nasopharangeal, bronchial, and lung secretions provided no information. However, much of the glucose in the lung circulation is processed to lactate (ca. 35%) and pyruvate (ca. 2%); in oxygenated lungs perfused with 4 to 6 mM glucose (i.e., the plasma concentration) about 50 mmol of lactate is produced per hour per kg of tissue (64) .
A site of infection common to most pathogens is within the phagocytes of the inflammatory response and the fluid that surrounds them. Since glucose is continuously entering these phagocytes and being converted to lactate, some of which escapes, precise figures for the concentrations of glucose and lactate in phagocytes are not available. However, these levels must be substantial: in 1 min, 10 12 human leucocytes, whose volume is about half a liter, can metabolize about 2.3 mmol of glucose and produce about 5 mmol of lactate (36) . Human neutrophils (5 ϫ 10 6 ml Ϫ1 ) incubated at 37°C for 2 h in HBSS produced 0.2 mM lactate in the cell supernatant (7) . With regard to the fluid surrounding phagocytes in vivo, 4 h after gonococcal infection of subcutaneously implanted chambers in guinea pigs, when there is a massive influx of phagocytes, lactate and glucose concentrations were both about 4 mM, and by 12 h, lactate had increased and glucose had decreased about 40% (21) . A literature survey on lactate and glucose in and around macrophages yielded no definite information, but the situation should be similar to that for inflammatory leukocytes. Turning to the requirement for the enzymes of the glycolytic/ gluconeogenesis pathway and the TCA cycle, the genome sequences of some representative pathogens (Table 3) show that the former pathway is ubiquitous and often the TCA cycle enzymes are complete. Hence, the mechanism for lactate stimulation of metabolism that occurs in gonococci, i.e., glucose blockage of lactate gluconeogenesis and energy production by fast channelling to acetyl-CoA, could operate in many cases.
Information is not available about the influence of lactate on the pathogenicity of most of the bacteria listed in Table 3 , but for two of them (N. meningitidis and Haemophilus influenzae) there is evidence that lactate may play a role similar to that for gonococci.
N. meningitidis. The genome sequences of two serotypes (44, 63) show that meningococci have all the enzymes necessary for the processes summarized in Fig. 1 . Earlier biochemical work had identified three LDHs (12) , the pyruvate dehydrogenase system that converts pyruvate to acetyl-CoA (29) , and all the TCA cycle enzymes (24) . As for gonococci, all early metabolic studies of meningococci involved either glucose or lactate but not mixtures of the two. Experiments using mixtures have not been done, in particular, those on the affect of lactate on LPS production in media containing glucose. Meningococcal LPS can be sialylated either endogenously or exogenously by CMP-NANA; this affects several aspects of pathogenicity and relates to whether strains are carrier or invasive (59, 60) . Also, lactate metabolism may affect production of another virulence determinant, the capsule. Recently, a putative lactate permeasedeficient mutant of N. meningitidis was isolated by signaturetagged mutagenesis (62) . In an infant rat model of infection, the mutant was considerably attenuated; it had a competitive index of 0.1 against the wild type (Tang, personal communication). Since meningococci can use glucose without lactate for growth, complete attenuation would not be expected. The properties of this mutant and the presence of lactate and glucose in sites relevant to meningococcal infection suggest that it would be worthwhile to investigate the role of lactate in meningococcal metabolism and pathogenicity along the same lines as for gonococci.
H. influenzae. The genome sequence of H. influenzae Rd (15) indicates the presence of all the enzymes needed for glycolysis/ gluconeogenesis and lipid synthesis. However, three enzymes of the TCA cycle, citrate synthetase, aconitase and isocitric dehydrogenase, are missing (15) . Nevertheless, generation of NADH from lactate could occur from its oxidation to pyruvate and acetyl-CoA even if little NADH were available from the incomplete TCA cycle. As for gonococci and meningococci, the LPS of H. influenzae can be sialylated; this and capsular polysaccharide can contribute to serum resistance (30, 59) .
Investigations by Anderson, Kuratana, and others (2, 27, 30-33, 55, 56) that were similar to those on gonococci indicated that lactate in the presence of glucose influences metabolism in relation to pathogenicity. H. influenzae in blood samples and nasal washings were more resistant to complementmediated killing by fresh human serum than organisms grown in broth (55, 56) . This resistance could be achieved in vitro by growing H. influenzae with low-M r filtrates of serum or nasal washings (32, 55, 56) . It was lost on subculture in broth (56) . As for gonococci (20, 60) , conversion of H. influenzae to serum resistance affected other aspects of pathogenicity. The serumresistant organisms were less susceptibile to complement-mediated killing by antibodies to LPS and outer membrane proteins and to the opsonic activity of antibody to capsular polysaccharide (2, 27, (31) (32) (33) 55) . They were also more virulent for infant rats (55) .
The induction of serum resistance by incubation with serum filtrates occurred by two mechanisms (31) . In one, both capsular-deficient mutants and capsulated wild types were converted to resistance and LPS content increased. In the second, only capsulated wild types were converted to resistance and capsular polysaccharide increased. The first mechanism was blocked by chloramphenicol but not the second (31) . The work on gonococci by Cohen et al (7) prompted examination of the influence of lactate on the two mechanisms (30) . Substitution of the serum filtrate by a buffer containing lactate, glucose, urea, and bicarbonate produced the first mechanism of resistance induction and a mixture of lactate and Ca 2ϩ produced the second (30) . In the first mechanism, where glucose is present, lactate may play a role similar to that for gonococci, i.e., a general stimulation of metabolism including LPS synthesis by energy derived from a fast track to acetyl-CoA. In the second mechanism, where glucose is absent, lactate could be partially replaced by pyruvate and completely by NADH (30) . It was suggested that lactate stimulates capsular polysaccharide production by serving as a source of both carbon and reducing power (30) .
Considering the relevance of these observations to infection in vivo (30), Kuratana and Anderson pointed out that in the nasopharynx where H. influenzae persists, lactate, urea, bicarbonate, glucose and Ca 2ϩ would be available in saliva and also in plasma on the rare occasions when H. influenzae invades the blood stream. They suggested that lactate rather than glucose may be the major carbon and energy source to which H. influenzae has adapted. Further studies along the lines of those carried out for gonococci seem warranted.
Other pathogens. All the pathogens listed in Table 3 except M. tuberculosis and S. pneumoniae have genes that code for putative lactate permeases. If the studies on meningococci and H. influenzae reveal effects of lactate similar to those demonstrated for gonococci, their extension to other pathogens should be considered.
CONCLUSION
In media containing glucose, lactate stimulates the metabolism of N. gonorrhoeae, and this result affects aspects of pathogenicity, particularly in relation to the early stages of infection. Similar observations have been made for H. influenzae. A putative lactate permease-deficient mutant of N. meningitidis is significantly attenuated compared with wild types. In vivo, lactate and glucose are present together in many sites infected by a variety of pathogens. A mechanism for the stimulating effect of lactate, glucose blockage of lactate gluconeogenesis providing a fast track to acetyl-CoA and extra energy production, has been demonstrated for N. gonorrhoeae. Genome sequences of representative bacterial pathogens show in many cases that the enzymes necessary for this mechanism are present. It seems possible that lactate in the presence of glucose could affect the pathogenicity of bacteria other than gonococci and that there may be a common mechanism.
